The concept of the "magic bullet" popularized by Paul Erlich describes the design of therapeutic agents that selectively attack pathogens and diseased tissue but leave healthy cells untouched. This idea has inspired the fields of nanotechnology and bioengineering, leading to huge investments in the development of agents to more efficiently diagnose and treat human diseases, such as cancer^[@R1]^, diabetes^[@R2]^ and atherosclerosis^[@R3]^. Researchers have produced nanoscale materials with unique optical, physical, and electrical properties that can encapsulate drugs and/or contrast agents and be coated with homing ligands. *In vitro* studies have shown that nanomaterials are capable of killing and/or imaging cells^[@R4]--[@R7]^. However, this success has not carried over to human use, largely due to a delivery problem. *In vivo*, the majority of the injected dose is cleared from the bloodstream by cells of the mononuclear phagocyte system (MPS) and most nanomaterials never reach their intended site^[@R8]^. The MPS is a network of immune and architectural cells, located in organs such as the liver, spleen and bone marrow, which remove foreign material from the bloodstream. Biodistribution studies have shown this to be the case for all types of nanomaterials--micelles^[@R9],[@R10]^, quantum dots^[@R11],[@R12]^, gold nanoparticles^[@R13],[@R14]^, and carbon nanotubes^[@R15],[@R16]^. Accumulation in the MPS is the single biggest hurdle to the clinical translation of nanotechnology because it impedes delivery of a sufficient nanomaterial dose to the disease site and raises toxicity concerns. Nano-researchers often treat the MPS as a 'blackbox', which has led to a poor understanding of the nanomaterial-MPS interaction and a lack of effective solutions.

Role of organ microarchitecture in hard nanomaterial clearance {#S2}
==============================================================

To elucidate the mechanism of nanomaterial clearance, we first analyzed accumulation from a whole organ perspective. We used three model hard nanomaterials -- quantum dots, gold nanoparticles, and silica nanoparticles as these materials can be synthesized with a narrow size distribution in the nanoscale (diameter of 1--100nm) and are amenable to coating with a wide range of functional ligands. Consequently, they permit investigation into the impact of size, composition and surface chemistry on nanomaterial sequestration without the added variables of deformation and degradation that are common for soft nanomaterials such as liposomes, micelles and polymers. We focused on non-degradable, hard nanomaterials as their physicochemical properties are more likely to remain stable throughout the course of an *in vivo* experiment. In this manner, key design features can be evaluated and the findings can provide a foundation for future experiments that explore additional variables to ultimately define a general mechanism of liver sequestration for all hard and soft nanomaterials. In the first set of experiments, fluorescent quantum dots (see [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}) were administered to Wistar rats and after four hours the liver was silver stained to visualize the nanomaterial with bright-field microscopy. A dose of 14 μg quantum dots per gram body weight was chosen because it is comparable to recent studies^[@R12],[@R17]^ and did not result in toxicity (see [Supplementary Figures 2, 3](#SD1){ref-type="supplementary-material"}). We observed a higher amount of quantum dot accumulation in the zone surrounding the portal triad compared with the zone surrounding the central vein. Twenty-eight portal triad-central vein pairs were analyzed (see [Figures 1A,B](#F1){ref-type="fig"}; [Supplementary Figure 4](#SD1){ref-type="supplementary-material"}) and we found both more (410 versus 42) and larger (48.5±31.5 μm^2^ versus 31.2±10.8 μm^2^) areas of quantum dot accumulation in the portal triad zone compared with the central vein zone (see [Figures 1C, D](#F1){ref-type="fig"}). The same trend was found to apply to gold nanoparticles irrespective of surface chemistry; preferential peri-portal accumulation was observed for nanoparticles coated with poly(ethylene glycol) or with the cancer-targeting ligand transferrin (see [Supplementary Figures 5, 6, 7, 8](#SD1){ref-type="supplementary-material"}). Interestingly, the data also showed the importance of protein adsorption in mediating cellular sequestration (6 PEG/nm^2^ coating versus 0.25 PEG/nm^2^ or low versus high amounts of protein adsorption). Nanomaterial designs that experience high protein adsorption are taken up significantly more by peri-portal cells than designs with low protein adsorption (see [Supplementary Figures 6,7,8](#SD1){ref-type="supplementary-material"}; [Supplementary Material 1](#SD3){ref-type="supplementary-material"}). From these studies, two patterns emerge relating to intra-organ nanomaterial uptake. First, a cell located near the vascular inlet is more likely to take up a nanomaterial and second, this cell will accumulate more nanomaterial when compared to a cell located near the vascular outlet. In addition, the degree with which peri-portal cells sequester hard nanomaterials is related to the amount of protein adsorption. These results highlight the importance of microarchitecture in mediating nanomaterial uptake by the liver.

Role of flow dynamics in hard nanomaterial clearance {#S3}
====================================================

Within the liver microarchitecture, blood flow is significantly slower than in the systemic circulation. In arteries and veins, nanomaterials travel at velocities of 10--100 cm/s^[@R18]--[@R20]^ but slow down to 200--800 μm/s when they enter a liver sinusoid^[@R21],[@R22]^. We hypothesized that the reduced velocity promotes preferential nanomaterial accumulation within the sinusoid. If we assume that nanomaterials are taken up by MPS cells residing on vessel walls then heuristically, body sites with lower blood velocities will have more nanomaterial accumulation. This is because a nanomaterial will have a high chance of reaching the wall by diffusion before exiting the vessel by advection. To explore this theory, we developed a mathematical model describing the process of nanomaterial sequestration by cells. Sequestration is defined as any removal of a nanomaterial from circulation due to its interaction with a cell and includes both binding to the cell surface and internalization into the cell cytoplasm. The vessel was modeled as a cylindrical channel of length, *L*, and radius, *r~o~,* with a flow velocity profile, *v(r),* and cells were assumed to reside on vessel walls (see [Figure 2A](#F2){ref-type="fig"}). Nanomaterial sequestration was modeled using an absorbing or partially absorbing boundary condition on the channel walls. The density *c(z,r,t)* of the nanomaterial inside the channel could then be described by the following equation^[@R23],[@R24]^: $$\frac{\partial}{\partial t}c(r,z,t) + v(r)\frac{\partial}{\partial z}c(r,z,t) = D\frac{1}{r}\frac{\partial}{\partial r}\left( {r\frac{\partial}{\partial r}c(r,z,t)} \right) + \frac{\partial^{2}}{\partial z^{2}}c(r,z,t)$$

The two principal factors that influence nanomaterial transport within a vessel -- flow along the longitudinal axis (advection) and Brownian motion along the radial axis (diffusion) are represented by the second term on the left and the first term on the right, respectively. For a spherical nanomaterial of diameter, *d~NP~*, the diffusion coefficient is $D = \frac{k_{B}T}{3\pi\eta d_{NP}}$. [Equation (1)](#FD1){ref-type="disp-formula"} can be solved to yield the probability of nanomaterial sequestration during its passage through the channel: $$P = \sum_{i = 1}^{\infty}{\lbrack 1 - \mathit{\exp}\,\left( {- \frac{DL}{Ur_{0}^{2}}\lambda_{i}} \right)\rbrack b_{i}},$$ where *U* is the average flow velocity and *b~i~* and *λ~i~* are numerical coefficients. The sequestration probability, *P*, is a decreasing function of the dimensionless parameter $\frac{Ur_{0}^{2}}{DL}$ which measures the strength of advection relative to diffusion. Using values derived empirically and from the literature, we compared the computationally predicted probability of nanomaterial sequestration in two different locations: the liver sinusoid and the systemic circulation (see [Supplementary Table 1](#SD2){ref-type="supplementary-material"}). The liver inlet (hepatic artery, portal vein) and outlet (inferior vena cava) were selected as representative of the systemic circulation. For a Poiseuille parabolic flow profile with fully absorbing walls, the model predicts a 10^2^ to 10^3^ times greater probability of nanomaterial sequestration in a liver sinusoid than in the extra-hepatic circulation (see [Figure 2B](#F2){ref-type="fig"}). As many types of flow occur *in vivo*, we tested the model's robustness by replacing the parabolic flow assumption with a flat flow profile. The prediction of higher nanomaterial sequestration within the sinusoid persists; however, the difference between regions is reduced (see [Supplementary Figure 9](#SD1){ref-type="supplementary-material"}). This finding extends to other types of flow as the shape of the flow profile *v(r)* in [Equation (2)](#FD2){ref-type="disp-formula"} does not alter the expression for the sequestration probability *P*, only the numerical values of the coefficients, *b~i~* and *λ~i~*. To validate our mathematical model and experimentally test our hypothesis, we isolated hepatic and peripheral blood mononuclear cells (PBMCs) from the quantum dot-treated rats and determined nanomaterial uptake via flow cytometry. As predicted by the model, hepatic cells took up significantly more quantum dots than did PBMCs. The trend persisted when we looked specifically at cells in the monocyte-macrophage lineage (CD68+ cells) as 67.1±15.7% of Kupffer cells and only 10.0± 6.3% of monocytes were quantum dot-positive (see [Figures 2E,F](#F2){ref-type="fig"}; [Supplementary Figure 10](#SD1){ref-type="supplementary-material"}). The importance of flow dynamics is reinforced by the fact that under static culture conditions, monocytes took up quantum dots with the same affinity as Kupffer cells (see [Supplementary Figures 11, 12](#SD1){ref-type="supplementary-material"}).

Nanomaterials that bind to a cell can either remain on its surface, return to the circulation or be internalized through receptor-mediated endocytosis, phagocytosis or pinocytosis^[@R25]--[@R27]^. To take nanomaterial-cell interactions into account, a parameter, *K*, was added to the model, which quantifies the local sticking coefficient and combines factors that affect nanomaterial binding to and internalization into a cell: cell density on the vessel wall, receptor density on the cell surface, internalization rate (*k~in~*) and dissociation rate (*k~off~*). *K* is proportional to *k~off~ k~in~* and varies from infinity for a completely reflective surface to zero for a completely absorbing one (see [Figure 2C](#F2){ref-type="fig"}). The value of *K* therefore depends on nanomaterial design, serum protein adsorption and cellular phenotype. The trend of preferential nanomaterial sequestration in the liver compared with the systemic circulation is magnified when incomplete absorption due to nanomaterial-cell interactions is considered. For a 10nm nanomaterial and an intermediate *K* of 4, the probability of sequestration in the sinusoid is 10^4^ times higher than in the hepatic artery. If complete absorption is assumed, the difference is 50-fold less (see [Figure 2D](#F2){ref-type="fig"}; [Supplementary Figure 9](#SD1){ref-type="supplementary-material"}).

Role of nanomaterial size and surface chemistry {#S4}
===============================================

We next investigated the contribution of blood flow dynamics to the size-dependent clearance of nanomaterials from circulation. We calculated the predicted effect of nanomaterial diameter, *d~np~*, on the probability of nanomaterial sequestration using [Equation (2)](#FD2){ref-type="disp-formula"}. The model suggests that modifying the particle diameter between 10 and 90nm does not significantly influence the probability of sequestration compared to the impact of vessel radius or blood velocity (see [Figure 2B](#F2){ref-type="fig"}). The probability of sequestration for a 10nm nanomaterial is two-fold higher than for a 90nm nanomaterial within the sinusoid. Contrastingly, the same 10nm nanomaterial is 1000 times less likely to be sequestered in the extra-hepatic circulation than in the sinusoid. However, many studies show that larger nanomaterials are preferentially cleared by the liver^[@R28]--[@R30]^. This suggests a second contribution to nanomaterial clearance: the macrophage's propensity to phagocytose larger nanomaterials. Using fluorescent gold nanoparticles (see [Supplementary Figure 5](#SD1){ref-type="supplementary-material"}), we show that both primary rat Kupffer cells and immortalized murine macrophages preferentially took up larger nanoparticles (see [Supplementary Figures 13 and 14](#SD1){ref-type="supplementary-material"}). This phenomenon, reported for multiple nanomaterial types (see [Supplementary Table 2](#SD2){ref-type="supplementary-material"}), may be attributable to the higher surface ligand density present on larger nanomaterials. Higher ligand density permits a multivalent receptor-ligand interaction between the cell and nanomaterial and is therefore more likely to lead to uptake ^[@R31],[@R32]^. Thus, nanomaterial surface chemistry does not necessarily contribute to the probability of cellular interaction but does influence how long a nanomaterial remains bound to the cell surface and whether it is internalized. A future study that investigates the role of specific adsorbed proteins in cellular binding and phagocytosis is required to fully understand sequestration.

Intra-hepatic cellular interaction {#S5}
==================================

Our first set of studies provided an organ-level view of nanomaterial clearance. We then proceeded to analyze sub-organ biodistribution. The prevailing assumption is that Kupffer cells are responsible for nanomaterial uptake by the liver; however, we hypothesized that a variety of hepatic cell types would internalize nanomaterials due to favorable flow dynamics in this organ. We deconstructed the nanomaterial-liver interaction by characterizing the distribution of quantum dots in hepatic cells at two timepoints following systemic nanomaterial administration (see [Figure 3A](#F3){ref-type="fig"}; [Supplementary Figures 15,16,17](#SD1){ref-type="supplementary-material"}). Our results demonstrate that twelve hours post-injection 84.8± 6.4% of Kupffer cells, 81.5±9.3% of B cells, 64.6±13.7% of endothelial cells along with a much smaller percentage of T cells and an 'other' population (CD19-, CD31-and CD68-negative mononuclear cells), took up the quantum dots (see [Figure 3B](#F3){ref-type="fig"}; [Supplementary Figure 18](#SD1){ref-type="supplementary-material"}). Quantum dots were not detected in hepatocytes (see [Figure 3A](#F3){ref-type="fig"}; [Supplementary Figure 16](#SD1){ref-type="supplementary-material"}). This finding is in contrast to studies suggesting that hepatocytes accumulate certain nanomaterials^[@R33],[@R34]^, potentially via the acquisition of ApoE from serum^[@R35]^. Interestingly, there was no difference in the percentage of quantum dot-positive cells between the four- and twelve-hour timepoints. While there was a trend for higher per cell uptake of quantum dots at twelve hours, the difference was not statistically significant (see [Figures 3B,C](#F3){ref-type="fig"}; [Supplementary Figure 19](#SD1){ref-type="supplementary-material"}). Confocal and transmission electron microscopy confirmed that quantum dots were intracellular and located in membrane-bound peri-nuclear structures (see [Figures 3D,F](#F3){ref-type="fig"}, [Supplementary Figure 20](#SD1){ref-type="supplementary-material"}). Immunofluorescence staining was performed to further validate our flow cytometry findings (see [Figure 3G](#F3){ref-type="fig"}). The uptake data confirms our hypothesis, although we had not anticipated the extent to which B cells internalize nanomaterials. B cells contained a comparable amount of quantum dots to Kupffer cells, a cell type known to avidly phagocytose nanomaterials^[@R12],[@R34],[@R36],[@R37]^ (see [Figure 3B](#F3){ref-type="fig"}). Kupffer cells had a relative MFI of 35.4±23.0 while B cells had a relative MFI 20.1±11.6 at twelve hours post-injection (see [Figure 3C](#F3){ref-type="fig"}). While hepatic B cells have been shown to internalize microparticles^[@R38]^, their role in nanomaterial clearance has not previously been described. Endothelial and 'other' cells were more weakly positive with relative MFI values of 4.1±1.5 and 2.9±1.6, respectively (see [Figure 3C](#F3){ref-type="fig"}). Interestingly, the distribution of quantum dot positive-cells was different than the population distribution of liver cells. Endothelial and the 'other' cells were measured to be the most abundant (23.9±16.3% and 21.8±7.1%, respectively), followed by Kupffer cells (10.2±5.2%) and finally B cells (1.8±1.4%) (see [Figure 3E](#F3){ref-type="fig"}; [Supplementary Figure 21](#SD1){ref-type="supplementary-material"}). We verified that quantum dot exposure did not result in cellular recruitment to the liver (see [Supplementary Figure 22](#SD1){ref-type="supplementary-material"}). Combining the parameters of relative MFI and % total liver homogenate allowed us to determine the most important liver cell types involved in nanomaterial sequestration. Kupffer cells play the largest role in removing quantum dots from circulation while endothelial cells, B cells, and the 'other' cell type contribute comparably to the process (see [Figure 3H](#F3){ref-type="fig"}). Having identified hepatic cell types responsible for quantum dot clearance, we wondered whether our findings would extend to other hard nanomaterial designs. In order to efficiently screen a range of nanomaterials, we first established that *in vitro* nanomaterial uptake by plated primary rat hepatic cells mirrors patterns observed *in vivo*. Specifically, we show that both *in vitro* and *in vivo*, quantum dot accumulation is comparable between Kupffer cells and hepatic B cells and that both cell types take up significantly more of this nanomaterial than do T cells (see [Supplementary Figures 11, 23](#SD1){ref-type="supplementary-material"}). We then measured uptake of five different designs of gold and silica nanoparticles *in vitro*, assuming that patterns would be reflective of *in vivo* behavior. We found that as for quantum dots, multiple hepatic cell types mediated uptake of the tested nanomaterials but that their relative importance varied with nanomaterial physicochemical properties (see [Supplementary Figure 24](#SD1){ref-type="supplementary-material"}).

Influence of cellular phenotype {#S6}
===============================

Finally, we asked whether flow dynamics and microarchitecture could be used to predict nanomaterial uptake in the spleen. We found that nanomaterial accumulation reflects blood velocity as almost all nanomaterials were found within the red pulp region (see [Figure 4A](#F4){ref-type="fig"}). Washout studies have demonstrated that blood preferentially slows down in the red pulp, where it has a half-life of \~10 minutes^[@R39],[@R40]^. Like the hepatic sinusoid, the red pulp is rich in macrophages (see [Supplementary Figure 25](#SD1){ref-type="supplementary-material"}). As macrophages in the hepatic sinusoid and the splenic red pulp are exposed to nanomaterial-containing blood flowing at a very slow rate, we hypothesized that quantum dot uptake would be comparable between the two macrophage types. However, when we analyzed quantum dot uptake in splenic mononuclear cells isolated from quantum dot-treated rats, we found that splenic macrophages took up significantly less nanomaterial than Kupffer cells. Twelve hours post-injection, only 25.4±10.1% of splenic macrophages were quantum dot-positive, compared to 84.8±6.4% of Kupffer cells (see [Figures 4B,C](#F4){ref-type="fig"}; [Supplementary Figures 16, 26](#SD1){ref-type="supplementary-material"}). Splenic macrophages also took up ten times less nanomaterial on a per cell basis (see [Figures 4B,C](#F4){ref-type="fig"}). A similar trend was seen four hours post-injection (see [Figure 4C](#F4){ref-type="fig"}; [Supplementary Figure 27](#SD1){ref-type="supplementary-material"}). This suggests that cellular phenotype within the MPS also contributes to uptake. Despite similar opportunity, splenic macrophages have less endocytic/phagocytic affinity for nanomaterials than their counterparts in the liver. We confirmed the role of cellular phenotype by comparing quantum dot uptake by primary splenic and hepatic macrophages *in vitro*. As anticipated, Kupffer cells took up more quantum dots than did splenic macrophages (see [Figures 4D,E](#F4){ref-type="fig"}; [Supplementary Figures 11, 28](#SD1){ref-type="supplementary-material"}). At the 80nM dose, 59.9±9.0% of Kupffer cells were quantum dot-positive compared with 35.1±10.4% of splenic macrophages and the MFI for Kupffer cells was approximately double that for splenic macrophages. The same trend was found for other nanomaterial designs (see [Supplementary Figure 29](#SD1){ref-type="supplementary-material"}). Interestingly, the liver-spleen difference is more pronounced *in vivo* and this may relate to other anatomical and physiological differences between the organs. First, despite their location in the 'slow flow' red pulp region of the spleen, splenic macrophages may not have the same access to transiting nanomaterials as do Kupffer cells in the liver. Second, the rat liver receives approximately 21% of the cardiac output via both the hepatic artery and the portal vein while the spleen only receives 1% via the splenic artery^[@R18],[@R41]^.

Exploring new strategies to improve hard nanomaterial delivery {#S7}
==============================================================

Currently, the standard practice for reducing nanomaterial accumulation in the MPS is to focus on nanomaterial design. Researchers manipulate nanomaterial dimensions and also coat the surface with anti-fouling polymers to reduce serum protein absorption^[@R42]^. Despite using a small nanomaterial shielded with poly(ethylene glycol), the most commonly used anti-fouling polymer, significant accumulation in the liver occurred demonstrating that alteration of nanomaterial physicochemical properties will not single-handedly solve the targeting problem. Our study suggests that manipulation of the host environment should be pursued as a complementary strategy. Based on our results, two potential approaches are (1) increasing the liver flow rate to decrease the probability of nanomaterial sequestration and (2) altering the phenotype of key cells to reduce their affinity for nanomaterials. We tested the feasibility of these approaches in two additional sets of experiments. First, we investigated the relationship between nanomaterial flow rate and uptake by primary rat Kupffer cells. Using standard culture techniques and a microfluidic channel system, we compared quantum dot uptake by Kupffer cells under three conditions: 'static' (0mL/min), 'fast' flow (8mL/min), and 'slow' flow (0.6mL/min) (see [Figure 5A](#F5){ref-type="fig"}). As anticipated, increasing the flow rate reduced quantum dot uptake. Under static conditions, 48.1±8.9% of Kupffer cells were quantum dot-positive. This reduced to 16.2±2.5% quantum dot-positive cells under 'slow' flow conditions and even further to 8.4±2.9% under 'fast' flow conditions (see [Figures 5B,C](#F5){ref-type="fig"}). These results demonstrate that modulating flow dynamics is a feasible strategy for reducing nanomaterial clearance by phagocytic cells. We next evaluated whether Kupffer cell phenotype could be modified to reduce nanomaterial uptake. For these experiments, we opted to use human rather than rat cells to enhance the clinical relevance of our findings and isolated Kupffer cells from the resected caudate lobes of livers used for transplantation. Kupffer cells were either left untouched or stimulated with a cytokine cocktail^[@R43]^ before incubation with the nanomaterial. Uptake of fluorescent gold nanoparticles was reduced by an average of 37% by immune modulation (see [Figures 5D,E](#F5){ref-type="fig"}). We therefore suggest that manipulating cellular phenotype is a viable strategy to reduce nanomaterial uptake by macrophages. Techniques to alter both hepatic sinusoidal blood velocity and macrophage phenotype *in vivo* have been reported^[@R44],[@R45]^ and consequently we believe that these two novel approaches are appropriate for in depth investigation in the future.

Mechanism of hard nanomaterial clearance by the liver {#S8}
=====================================================

Putting the modeling and experimental results together, we propose the following mechanism for the sequestration of hard nanomaterials by the liver (see [Figure 6](#F6){ref-type="fig"}). First, nanomaterials circulating in the bloodstream slow down by a factor of 1000 when they enter the liver, increasing the probability for nanomaterial clearance by cells. The amount and rate of cellular uptake is dependent upon each cell's phenotype, internalization and dissociation kinetics as well as its relative position within the liver microarchitecture. Ultimately, nanomaterials are cleared primarily by Kupffer cells, endothelial cells, B cells and an 'other' cell type. Nanomaterials that do not get taken up leave the organ through the central vein, rejoin the systemic circulation and may return to the liver during a subsequent pass. In this way, our hard nanomaterials are cleared from the bloodstream over time.

Outlook {#S9}
=======

Here we propose an overall mechanism of how hard nanomaterials are cleared by the liver based on the results from our fundamental studies. Future work is required to determine whether the described mechanism can be applied to soft nanomaterials such as micelles and liposomes. The fact that these materials degrade and are deformable adds another interesting facet to how they become cleared from the bloodstream and sequestered by the liver. Based on our findings, the solution to the nanomaterial delivery problem will likely combine optimization of nanomaterial design with a pharmaceutical liver pre-conditioning strategy, as suggested by the proof-of-concept data. In order to fulfill the promise of nanomaterials for the improved diagnosis and treatment of human disease, the liver barrier must be solved. This study represents the first glimpse into the 'blackbox' and provides a foundation for future studies to improve the targeting efficiency of nanomaterials.
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![Distribution of quantum dots in the liver following systemic intravascular injection\
**A,** Silver-stained section of a rat liver that was perfused four hours post-quantum dot injection (counter-stained with hematoxylin). Shown is one repeating unit of the liver microarchitecture. Blood flows into the liver via the hepatic artery and portal vein located in the [portal triad]{.ul}. Blood flows out of the liver via the [central vein]{.ul}. A zone with a radial distance of 100μm was traced around each vascular unit. Scale bar, 100*μm*. **B**, Overview of the image processing utilized to measure quantum dot accumulation in the zones bordering the portal triad and central vein. First, the zone surrounding each vascular structure was extracted using a radius of 100 3m from the vessel border. Second, the image was converted into a binary format and thresholded to isolate reduced silver. Finally, the area of each silver stain was measured along with its (x,y) coordinates relative to the center of the vessel. The area of reduced silver corresponds to the amount of quantum dot accumulation and is represented by a color spectrum where pale blue indicates a small amount of quantum dot accumulation and dark blue indicates a large amount of quantum dot accumulation in each individual location. **C,** Twenty-eight portal triad-central vein pairs were analyzed and the results combined. Scale bar, 100*μm*. **D,** Scatter plot comparing the area of each region of silver staining in the zone surrounding the portal triad versus in the zone surrounding the central vein. Corresponds to the data graphically illustrated in C. Statistical significance was evaluated using a two-tailed unpaired t-test (\*\*\*P\<0.001). Additional portal triad-central vein pairs are included in [Supplementary Figure 4](#SD1){ref-type="supplementary-material"}.](nihms6330f1){#F1}

![Nanomaterial sequestration in the liver versus in the systemic circulation: mathematical modeling and *in vivo* results\
**A,** Model schematic (**i**). In the systemic circulation (e.g. hepatic artery, portal vein, inferior vena cava), advection due to blood flow is the dominant factor influencing nanomaterial transport (**ii**). In the liver sinusoid, diffusion due to Brownian motion is the dominant factor influencing nanomaterial transport (**iii**). **B**, Results of the mathematical model comparing the probability of a nanomaterial being sequestered in a liver sinusoid versus in the systemic circulation. An absorbing boundary condition on the vessel wall was utilized. Impact of nanomaterial size, between 10--90nm, is demonstrated. Numerical inputs to the model are included in [Supplementary Table 1](#SD2){ref-type="supplementary-material"}. **C**, Impact of imperfect adsorption was incorporated in the local sticking coefficient, *K*, where *K* ∝ *k~off~ k~in~*. In the illustration, a nanomaterial reaches a cell by Brownian motion (**1**) and may bind to a cell receptor (**2**). There are then two possible scenarios. In (**3**), the nanomaterial has a higher probability of internalization into the cell cytoplasm, [decreasing]{.ul} *K* and [increasing]{.ul} the overall probability of sequestration. Alternatively, in (**4**), the nanomaterial has a higher probability of dissociation into the circulation, [increasing]{.ul} K and [decreasing]{.ul} the overall probability of sequestration. **D**, Results of the mathematical model probing the impact of varying values of *K* on the overall probability of sequestration in the systemic circulation and in the liver sinusoid for a 10nm nanomaterial. Impact of *K* on 30/60/90nm nanomaterials is included in [Supplementary Figure 9](#SD1){ref-type="supplementary-material"}. **E**, Representative flow plots comparing quantum dot uptake *[in vivo]{.ul}* by cells in the peripheral blood (**i**, **iii**) versus in the liver (**ii**, **iv**) twelve hours post-injection. The first comparison is for all peripheral blood mononuclear cells (PBMCs, **i**) versus all cells in the total liver homogenate (**ii**). Full gating strategy is included in [Supplementary Figure 10](#SD1){ref-type="supplementary-material"}. The second comparison is for CD68+ monocytes (**iii**) with CD68+ Kupffer cells (**iv**). Shown are plots from the control vehicle-treated animal, 'Control', and the quantum dot-treated animal, 'QD Treated'. Full gating strategy for uptake in CD68+ cells is included in [Supplementary Figure 16A](#SD1){ref-type="supplementary-material"}. **F**, Percentage of quantum dot-positive cells in the peripheral blood versus in the liver twelve hours after intravenous quantum dot injection (**i**, **iii**), where *%QD+Cells = %QD+Cells~QD\ Treated~-%QD+Cells~Control-Treated~*. In (**i**) quantum dot uptake in all PBMCs is compared with uptake in all total liver homogenate cells. In (**iii**) quantum dot uptake in monocytes is compared with uptake in Kupffer cells. Amount of quantum dot uptake for each cell type, where *Relative Mean Fluorescence Intensity or Relative MFI=MFI~QD-Treated~/MFI~Control-Treated~.* (**ii**, **iv**). Again, in (**ii**) the comparison is made for all cells while in (**iv**) the comparison is made for CD68+ cells (monocytes versus Kupffer cells). Plotted is the mean ± s.e.m. from 8 independent replicates. Statistical significance was evaluated using a two-tailed unpaired t-test (\*\*P\<0.01, \*\*\*P\<0.001).](nihms6330f2){#F2}

![Characterization of *in vivo* quantum dot uptake in the liver\
**A**, Representative flow plots illustrating quantum dot uptake in hepatic cell populations twelve hours post-injection. Shown are plots from the control vehicle-treated animal, 'Control', and the quantum dot-treated animal, 'QD Treated'. Full gating strategy is included in [Supplementary Figures 15, 16 and 17](#SD1){ref-type="supplementary-material"}. Representative flow plots for the four-hour timepoint are included in [Supplementary Figure 19](#SD1){ref-type="supplementary-material"}. **B**, Percentage of each hepatic cell type that is quantum dot-positive at the four- and twelve-hour timepoints, where *%QD+Cells = %QD+Cells~QD-Treated~-%QD+Cells~Control-Treated~*. **C**, Amount of quantum dot uptake for each hepatic cell type at the four- and twelve-hour timepoints, where *Relative Mean Fluorescence Intensity or Relative MFI=MFI~QD-Treated~/MFI~Control-Treated~*. **D**, Confocal microscopy images demonstrating the intracellular location of quantum dots. Shown is a z-stack image of cells from the Kupffer cell-enriched fraction (**i**) and an orthogonal projection in the yz plane (**ii**). Nucleus is stained with Hoechst 33342 (blue), actin is stained with Alexa Fluor 488-labelled phalloidin (green), quantum dots appear red. Images were acquired with a 60× PlanApo oil objective (N.A 1.4) with the following excitation (ex) and emission (em) wavelengths: nuclei (λ~ex~=405nm; λ~em~=442/35nm), actin (λ~ex~=473nm; λ~em~=515/60nm), quantum dots (λ~ex~=559nm; λ~em~=598/45nm). Scale bars, 5*μm*. **E**, Relative prevalence of hepatic cell types reported as a percentage of total cells in the liver homogenate. Full gating strategy is included in [Supplementary Figure 21](#SD1){ref-type="supplementary-material"}. For **B,C** and **E**, plotted is the mean ± s.e.m. from at least 6 independent replicates for the twelve-hour timepoint and 3 independent replicates for the four-hour timepoint. Statistical significance was evaluated using a two-tailed unpaired t-test (\*\*P\<0.01, \*\*\*P\<0.001, ns = not significant or P\>0.05). **F**, Transmission electron microscopy images demonstrating the presence of quantum dots within peri-nuclear membrane-bound structures in a hepatic lymphocyte-like cell twelve hours post-injection. Images of a Kupffer-like cell, an endothelial-like cell are included in [Supplementary Figure 20](#SD1){ref-type="supplementary-material"}. Shown is the location of the cell within the sinusoid (**i**) where the lymphocyte plasma membrane is traced in white, the nucleus in black and the quantum dot-containing membrane-bound intracellular vesicles in yellow. For orientation, red blood cells are traced in red and hepatocytes in blue. A high-resolution image of the quantum dot-containing vesicles is included in (**ii**) where the asterisk marks corresponding structures. The inset demonstrates individual quantum dots. Scale bars in (**i**) and (**ii**), 500nm. Scale bar in inset, 100nm. **G,** Confocal images demonstrating anti-CD68 staining in quantum dot-positive and negative cells. Cells from the Kupffer cell-enriched fraction of a quantum dot-treated animal were stained with an Alexa Fluor 647-labelled anti-CD68 antibody. Shown are antibody staining only (**i**), quantum dot uptake only (**ii**) and an overlay of both channels (**iii**). The anti-CD68 antibody appears green, quantum dots appear red and co-staining is yellow. Images were acquired with a 60× PlanApo oil objective (N.A 1.4), a zoom of 1.4× with the following excitation (ex) and emission (em) wavelengths: quantum dots (λ~ex~=559nm; λ~em~=598/45nm), anti-CD68 (λ~ex~=635nm; λ~em~=705/100nm). Images were overlayed and pseudo-color assigned in ImageJ. Scale bars, 30 *μm***. H**, The relative importance of each hepatic cell type to quantum dot uptake in the liver as measured by the *Distance from Origin*, where: $$\mathit{Distance}\,\mathit{from}\,\mathit{Origin} = \sqrt{{(\mathit{Relative}\,\mathit{MFI})}^{2} + {(\%\mathit{Total}\,\mathit{Liver}\,\mathit{Homogenate})}^{2}}.$$Hepatocytes are not represented, as quantum dot uptake was not detected.](nihms6330f3){#F3}

![Quantum dot uptake in the liver versus in the spleen: *in vivo* and *in vitro* results\
**A**, Quantum dot uptake in the spleen occurs primarily in the red pulp. Quantum dots are identified via silver staining (hematoxylin counter-stain). Scale bar, 100*μm*. **B**, Representative flow plots demonstrating the difference in quantum dot uptake between Kupffer cells and splenic macrophages twelve hours post-quantum dot injection (**i**). Corresponding histograms showing the *Mean Fluorescence Intensity (MFI)* are included in (**ii**). Shown are plots from the control vehicle-treated animal, 'Control', and the quantum dot-treated animal, 'QD Treated'. Full gating strategy is included in [Supplementary Figure 16](#SD1){ref-type="supplementary-material"}. Representative flow plots from the four-hour timepoint are included in [Supplementary Figure 27](#SD1){ref-type="supplementary-material"}. **C**, Percentage of quantum dot-positive Kupffer cells and splenic macrophages four- and twelve-hours post-quantum dot injection (**i**), where *%QD+Cells = %QD+Cells~QD-Treated~-%QD+Cells~Control-Treated~*. The amount of quantum dots taken up by both cell types is shown in (**ii**), where *Relative Mean Fluorescence Intensity or Relative MFI=MFI~QD-Treated~/MFI~Control-Treated~*. Plotted is the mean ± s.e.m. from at least 6 independent replicates for the twelve-hour timepoint and 3 independent replicates for the four-hour timepoint. Statistical significance was evaluated using a two-way ANOVA with a Bonferroni post-test (\*\*P\<0.01, \*\*\*P\<0.001, ns = not significant or P\>0.05). **D**, Representative flow plots identifying quantum dot-positive Kupffer cells and splenic macrophages. Isolated cells were either left untreated or incubated with 40/80/160nM quantum dots. Four incubation times were investigated; shown is the six-hour timepoint. Full gating strategy is included in [Supplementary Figure 11](#SD1){ref-type="supplementary-material"} (**i**). Representative histograms showing the *Mean Fluorescence Intensity (MFI)* in the QD channel at baseline and after a six-hour incubation with 80nM quantum dots are included in (**ii**). **E**, Percentage of quantum dot-positive cells (**i**) and amount of quantum dot uptake (*MFI*, **ii**) for each cell type six hours post-incubation with 40nM/80nM/160nM quantum dots. *%QD+Cells = %QD+Cells~QD-Treated~-%QD+Cells~Untreated~*. Full time-course is included in [Supplementary Figure 28](#SD1){ref-type="supplementary-material"}. Plotted is the mean ± s.e.m. from 3 independent replicates. Statistical significance was evaluated using a two-way ANOVA with a Bonferroni post-test for the complete time-course (\*P\<0.05, ns = not significant or P\>0.05).](nihms6330f4){#F4}

![Nanomaterial uptake by Kupffer cells can be reduced by manipulating flow rate and cellular phenotype\
Quantum dot uptake by primary rat Kupffer cells was compared under three conditions, traditional cell culture in a Petri dish ('static') or in a microfluidic chip with two different flow rates, 'fast' flow at 8mL/min and 'slow' flow at 0.6mL/min. **A**, Flow cytometry plots demonstrating the gating strategy (**i**) and representative plots showing differences in uptake between 'static', 'fast' and 'slow' flow conditions (**ii**). **B**, Percentage of quantum dot-positive, Annexin-negative (i.e. live) Kupffer cells under the three conditions (**i**). Amount of quantum dots taken up by Kupffer cells in each condition where, *%QD+Cells = %QD+Cells~QD-Treated~-%QD+Cells~Untreated~* and *Relative Mean Fluorescence Intensity or Relative MFI=MFI~QD-Treated~/MFI~Untreated~* (**ii**). Plotted is the mean ± s.e.m. from 3 independent replicates. Statistical significance was evaluated using a two-tailed unpaired t-test (\*P\<0.05, \*\*P\<0.01, ns = not significant or P\>0.05). **C**, Time-lapse images comparing uptake under 'slow' and 'fast' flow conditions. Quantum dots are shown in red and are marked with a white arrow in the last frame. Images were acquired with a 10X DIC Fluar objective (N.A. 0.5) with the following excitation (ex) and emission (em) wavelengths for the quantum dots: λ~ex~=470nm; λ~em~=605/70nm. Videos for quantum dots uptake under 'slow' and 'fast' flow conditions are included in [Supplementary Videos 1,2](#SD3){ref-type="supplementary-material"}. **D**, Primary human Kupffer cells were either left untouched, 'Freshly Isolated', or stimulated using a cytokine cocktail, 'Stimulated'. Cells were then incubated with fluorescent gold nanoparticles for four hours. Representative flow plots (**i**) and histograms (**ii**) showing the reduction in nanomaterial uptake following stimulation. **E**, Amount of nanomaterial uptake by freshly isolated versus stimulated human Kupffer cells, where *Relative Mean Fluorescence Intensity or Relative MFI=MFI~AuNP\ Treated~/MFI~Untreated~*. Plotted are the values for cells taken from four separate patients. Statistical significance was evaluated using a two-tailed paired t-test (\*P\<0.05).](nihms6330f5){#F5}

![Mechanism of nanomaterial transport in the liver\
Nanomaterials injected into the bloodstream encounter the mononuclear phagocyte system (MPS), a group of organs that contain phagocytic cells. The intensity of the blue color in the figure reflects the degree of nanomaterial uptake within each MPS organ^[@R12]^ (see outline of human body, [left]{.ul}). As the nanomaterials transition from the peripheral circulation to the liver, their velocity reduces 1000-fold. This allows the nanomaterials to interact with a variety of cells, resulting in their gradual clearance from the bloodstream. There is a concentration gradient of nanomaterials along the length of the sinusoid and the amount leaving the liver through the central vein is lower than the amount that enters via the portal triad (see image of liver lobule, [bottom right]{.ul}). B and T cells border the portal triad and are exposed to a high concentration of incoming nanomaterials (see schematic of a liver sinusoid, [top right]{.ul}). The difference in nanomaterial uptake between these cell types is due to the increased endocytic/phagocytic capacity of B cells compared with T cells. Nanomaterials that escape the first set of cellular interactions move along the sinusoid and can come into contact with endothelial and Kupffer cells. Hepatocytes are separated from the bloodstream by a layer of fenestrated endothelial cells and do not take up nanomaterials. Nanomaterials that escape uptake during a pass through the liver return to the systemic circulation via the central vein and are ultimately carried back to the liver (or another MPS organ). This process repeats itself until nanomaterial clearance from the bloodstream is complete.](nihms6330f6){#F6}

[^1]: These authors contributed equally to this work
